Abstract-High power converters are built using high-voltage and high-current rated semiconductors. The commutation of these devices imply large amounts of energy per cycle leading to very low switching frequency in order to avoid a high rise on the semiconductors temperature. The consequence is high harmonic distortion generated by the converter. Grid Codes requirements specify the maximum admitted harmonic distortion. 
I. INTRODUCTION
Nowadays grid codes are restricting the harmonic content to guarantee the quality of the power supply. Power conversion is one of the most important topics related to solid state multilevel converters [1] [2] . Many papers can be found in the literature related to new control approaches focused on improving the quality of the output signals of the converter [3] - [7] . This paper describes the implementation details of a full operative inverter that is controlled using the Selective Harmonic Mitigation Pulse Width Modulation (SHMPWM) technique using a three level 150KVA diode-clamped prototype acting as an Uninterrupted Power Supply (UPS). SHMPWM [8] deals with keeping all the harmonics of interest under a safe value instead of forcing them to become zero, as in the Selective Harmonic Elimination Pulse Width Modulation (SHEPWM) method [9] , in order to be able to meet the grid code (harmonic contents and THD limits) with the minimum number of switching angles per period. The experimental results are compared with those obtained using the same test bench with the well known Selective Harmonic Elimination technique SHEPWM and, as it will be shown, the SHMPWM technique produces a higher performance than SHEPWM. Many papers present works where the SHEPWM technique has been used in multilevel converters [10] [11] . The SHMPWM technique was previously introduced in [8] and is able to meet several grid codes with a low switching frequency.
The paper is organized as follows; in section II the principle of the SHMPWM technique is summarized, in section III the implementation details are explained, next section is devoted to the experimental results obtained with the prototype and finally the conclusions of the work are detailed.
II. SHMPWM PRINCIPLE
The SHMPWM technique is based on the fact that it is not necessary to make zero some specific harmonics to meet a certain grid code. The goal is to keep the harmonic content under a safe level below the limit specified by the code. This technique was originally presented in [8] and is able to fulfill the EN 50160 [12] and CIGRE WG 36-05 [13] grid codes with a lower switching frequency than any other modulation technique. [ 
The Selective Harmonic Elimination technique (SHEPWM) originally presented in [9] generates the values of the switching angles to fix H 1 and eliminate certain harmonics. In that case, equations (1) change to (2) where q belongs to the set: (5, 7, 11, 13, 17, 19 The SHMPWM technique, instead of making zero some specific harmonics as in SHEPWM, keeps them below a safe level to meet the grid codes. As a consequence, it is possible to fulfill the grid codes with a lower switching frequency.
The equations are transformed in inequalities as in (3) 
Inequalities shown in (3) can be collapsed in an Objective Function as in (4) .
In the present work the Simulated Annealing optimization method has been used [14] [15] . The system could be solved using any other optimization method like Tabu Search, Genetic Algorithms [16] , Stochastic Evolution, etc due to the fact that all the computation process will be executed offline.
The SHMPWM modulation technique was presented in [8] and studied in deep using an open loop modulation scheme. In the previously published study, the output signal was simply generated switching at the appropriate angle but without any control of the actual output voltage obtained. In this work, a closed loop control system has been designed to maintain the output voltage of the inverter at a desired value even on DC-Link voltage or load changes. This is the scheme typically used in applications such as UPS.
III. IMPLEMENTATION DETAILS
All the experiments have been carried out on the inverter side of a three-level three-phase 150kVA IGBT-based diodeclamped back to back converter (Fig. 2) . The rectifier is controlled using the Space Vector Modulation technique to establish the desired DC-link voltage value. The inverter is used to feed a passive RL load with R=120Ω and L=15mH. Both SHMPWM and SHEPWM modulation techniques have been used in order to compare their obtained performance. The main component of the control hardware is a Digital Signal Processor (DSP) that performs the control law as well as the driving of the switches gate signals. Fig. 3 shows the implemented control scheme where the output voltages measurements are compared with the reference one to provide the closed loop input error signal to a Proportional-Integral controller. The same control system has been used with both SHEPWM and SHMPWM.
The switching angles are stored in a memory as the number of clock cycles to wait between two consecutive changes in a 50Hz sine waveform. The memory is being read cyclically and is organized as a two dimensional table where the numbers of waiting cycles of a specific modulation index are stored in the same row. A wide range of Modulation Indexes (Ma) from 0.75 to 1.16 has been used. All the data stored in the memory have been computed off line so for the present implementation the specific algorithm used to solve the inequalities shown in (3) is not relevant. When the converter is running, the memory needs only to be read as in other precomputed PWM techniques like SHEPWM.
The fundamental frequency of the inverter output voltage is 50Hz; the switching frequency that results is 750Hz.
The converter schematic shown in Fig.3 is equivalent to that used in an UPS application replacing the DC-Link capacitors by batteries.
IV. EXPERIMENTAL RESULTS
Several experiments have been carried out in order to check the correct behavior of the system. The results show that the system works properly and complies with all the requirements specified in the related grid codes when the SHMPWM technique is adopted comparing with the classical SHEPWM technique which is not able to meet those codes in the same conditions (f s =750Hz). Fig. 4 shows one phase output voltage as an example of the waveforms used in the experiments. It can be seen that the switching frequency is very low (15 switching angles per quarter of a period due to symmetry) as it is required in high power applications.
Firstly, an experiment to check all the precomputed data has been made (experiment I). In this experiment, the inverter works in an open loop scheme moving along all the precomputed data for both SHMPWM and SHEPWM techniques testing modulation indexes between 0.75 and 1.16. The worst case results are included in Table I and Fig. 6 and will be analyzed later.
Once the data have been checked, a new experiment closing the control loop is made. This experiment consist of making the rectifier of the back-to-back converter to control the DC-Link total voltage to follow up a ramp varying from 750V to 850V as it is shown in Fig. 5 . In addition, on the inverter side, a constant output voltage reference is set so the controller has to act changing the modulation index in order to maintain that reference voltage in the load. This experiment is named experiment II. Table I shows a comparison between the maximum experimental harmonic values (worst case) obtained with both the SHEPWM and SHMPWM techniques in both experiments. From left to right, for each harmonic order, is represented the maximum value specified by the grid codes and the maximum values obtained using SHEPWM and SHMPWM techniques in both experiments. Next to each column is detailed if the maximum value obtained using that modulation technique is lower than the limit specified by the grid codes. The two final rows represent the THD obtained considering up to both 40 th and 50 th harmonic orders respectively. The same results are shown in Fig. 6 . The results of experiment I show that, using SHMPWM technique, every harmonic into consideration remains under the grid code specific limit and the same happens with the total harmonic distortion, even considering harmonics up to 49 th . However, with SHEPWM technique, the precomputed data make almost zero all the harmonics except for harmonics 47 th to 49 th which are left completely uncontrolled which generates values far over the grid code limits.
The results obtained in experiment II are shown in Fig. 7 to Fig. 12. Fig. 7 to Fig. 11 corresponds to SHMPWM technique whereas Fig. 12 has been obtained using SHEPWM technique. From top to bottom, Fig. 7 shows one phase output voltage, the total harmonic distortion considering harmonics up to 40 th (THD 40 ) and the total harmonic distortion considering harmonics up to 50 th (THD 50 ). The output voltage average is 280V RMS which corresponds to the imposed reference voltage and exhibits a small oscillation of about 5V PP which is less than 2% of the reference value so it has been considered that the controller adjustment is right. The THD trends limits has been chosen to meet the grid code ones so it can be easily seen that both THD 40 and THD 50 meet that specification during the whole experiment. Fig. 8 to Fig. 11 show the trends for all harmonics under consideration, that is to say, the sixteen shown in Table I , being the lower order harmonic shown upper in the figures. The upper limits of the figures are the limits imposed by the grid codes so it can be easily seen that every harmonic order is under the limit specified in the grid code (with some degree/margin of confidence). The maximum values has been stored in Table 1 as the worst case where can be directly compared with the grid code numeric limits. It must be noticed that the maximum THD 40 obtained using the SHEPWM is very low and under the limit specified in the grid codes. The reason is that using 15 switching angles, using this technique, harmonics up to 43 rd can be reduced to zero. When the THD is obtained considering up to harmonic 50 th , the value is much higher than the THD 40 and above the limit specified in the grid codes. Using the SHMPWM both THD 40 and THD 50 are very similar because all the harmonics are considered in the computing process. The limit specified in the grid codes for the 47 th and 49 th harmonics are very low so, when the final value obtained using SHMPWM are under that limit, their contribution to the THD 50 is not very significant. As a conclusion of the experimental results, the table shows that the SHMPWM is able to meet the grid codes in all the range of Ma and when the converter is following in a closed loop a specific output phase voltage reference established by the user. In contrast, the SHEPWM technique is not able to fulfil the codes in the same conditions (with the same switching frequency). The reason is that it generates output signals with low order harmonics close to zero but leaves completely uncontrolled all the non considered harmonics. In this case (750Hz due to it is a three levels converter), the 47 th and 49 th harmonics maximum output values are far over the limits specified in the grid codes.
V. CONCLUSIONS
The work presented in this paper validates the SHMPWM modulation technique in closed loop applications such as UPS, and fulfilling the EN 50160 and CIGRE WG 36-05 grid codes with a very low switching frequency.
All the experiments have been carried out in the inverter side of a three-level three-phase 150kVA IGBT-based diodeclamped back-to-back converter using both SHMPWM and SHEPWM techniques in order to compare the results.
The experimental results show that the performance obtained using the SHMPWM technique is much better than using the SHEPWM technique due to the fact that as the grid codes are completely fulfilled, any extra filtering system is not required. This is very interesting because, in high power applications, the reactive elements are very bulky and expensive. The SHEPWM is not able to meet the codes unless the switching frequency is increased from 750Hz to 850Hz with the additional power losses and heating generation associated.
The SHMPWM technique can be used in any other multilevel converter topology simply repeating the computing process adapting to the new topology (if necessary) and changing the switching rules.
Is interesting to detail that all the experiments have been carried out focusing on applications such as UPS but the SHMPWM technique is suitable to be used in any other application.
Bearing all this in mind, the SHMPWM modulation technique is a very good alternative in high power applications where a very low switching frequency is required and the reactive elements used to filter the undesired harmonics are very bulk and expensive.
